The activity of sucrose-sucrose-fructosyltransferase (SST), a vacuolar enzyme strongly induced by light in excised leaves of barley (Hordeum vulgare L.), rapidly declined even in continuous light upon feeding of cycloheximide (CHI). The rate of decline was similar to that observed in light-treated leaves that were placed into darkness, in the presence or absence of CHI. The protease inhibitor leupeptin totally stopped the decline in SST activity in the dark and caused a substantial increase in the rate of induction of SST activity by light. Feeding of sucrose prevented or even reversed the SST activity decay induced by darkness in the absence of CHI but did not stabilize SST activity in the presence of CHI. The results suggest that SST is continuously subjected to rapid, constant proteolytic degradation in the vacuole, and that the enhancement of SST activity in the light or upon feeding sucrose in the dark is due exclusively to de novo protein synthesis.
Fructans are polymers of fructose with a terminal glucose that function as major vacuolar storage carbohydrates in the vegetative organs of many important crop plants, most notably the forage grasses and cereals (9, 1 1). SST2, the first enzyme in the pathway of fructan synthesis, catalyzes the formation of the trisaccharide isokestose from two molecules of sucrose (9, 11, 14) . The isokestose is then utilized by fructan-fructanfructosyltransferases to form fructans of varying degrees of polymerization.
In previous work, barley leaves were used to study regulation of fructan biosynthesis. SST emerged as a key regulatory enzyme because SST activity and the rate of fructan synthesis were closely correlated under various conditions (1 1-13), and because SST activity increased rapidly upon feeding of sugars (14) or treatments that cause accumulation of photosynthate, such as illumination of excised leaves ( 13) or cold treatments (8, 12) , and decreased equally rapidly upon treatments lowering the photosynthate level (13) . It has been suggested that a threshold level ofsucrose in the tissue is the key for induction of SST and fructan biosynthesis (5, 6, 13, 15) .
Like the fructans, SST is localized in the vacuole (4, 12). The rapid changes in its activity are a paradigm of the dynam-' Supported by the Swiss National Science Foundation.
2Abbreviations: SST, sucrose-sucrose-fructosyltransferase; CHI, cycloheximide.
ics of the vacuole (2), but little is known about the regulatory mechanisms involved. Inhibitor studies have provided evidence that induction ofSST occurs at the level oftranscription and requires protein synthesis (3, 13) . However, the decay of SST activity is not affected by CHI, an inhibitor of protein synthesis, indicating that protein synthesis is not necessary for down-regulation of the enzyme (13) .
Here, we further exploit excised barley leaves as a model system and present evidence that SST is continuously degraded by leupeptin-sensitive proteinases. Regulation appears to occur exclusively by changes in the rate of its synthesis on the background of rapid, constant proteolytic degradation.
MATERIALS AND METHODS

Plant Material and Incubation Conditions
Barley (Hordeum vulgare L. cv Gerbel) seeds were soaked in running tap water (24 h), planted in a commercial soil mixture (UFA Haus und Garten, Bern, Switzerland) in pots with a diameter of 13 cm, and grown at a daylength of 14 h and a temperature regimen of 25°C (day) and 15C (night).
The photon flux density was 300 ,gmol photons m-2 s-' and the RH 70%. Excised primary leaf blades from plants of 6 in a final volume of 400 ,uL at 30°C for 15 min, after which the reaction was stopped by the addition of 800 ,tL Na2CO3 (1 M) and the absorbance determined at 400 nm. RESULTS As reported earlier (13) , illumination of excised leaves caused a sixfold increase in SST activity within 24 h, and subsequent transfer to the dark resulted in a rapid decay of SST activity (Fig. IA) . CHI has previously been shown to prevent induction of SST activity in the excised leaves when applied before illumination (13) . We fed CHI to the leaves in mid-course of SST induction, 18 h after the onset of illumination. Surprisingly, we found this treatment to cause rapid decay of SST activity (Fig. I A) . The rate of loss of SST activity was even more rapid during the following 6 h in the light than during the subsequent hours in the dark. The shape and slope of the curve of SST decay was quite similar to the curve of SST decay observed upon transfer into darkness. When CHI was given during the dark phase (at 40 h, Fig 1A) , it had no effect on the decrease in SST activity.
Wagner et al. (13) proposed that SST might be stabilized by sucrose and might decay more in the dark than in the light due to the differences in sucrose levels. To test this, we fed sucrose together with CHI to leaves after 18 h of light (Fig.  IA) . SST activity, however, fell at the same rate as during the treatment with CHI alone, indicating that sucrose did not protect the activity of SST.
We compared the rapid decay of vacuolar SST with the behavior of two marker enzymes for the vacuolar sap, amannosidase and f-N-acetylglucosaminidase (2, 4, 12) . Activity of both these enzymes showed very little change during the duration of the experiment, regardless of the presence or absence of CHI (Fig. 1B) . SST obviously is regulated in a special way compared with other vacuolar enzymes that show little turnover.
To study the possibility that SST was inactivated by proteolytic degradation, we examined the effect of leupeptin, an inhibitor of trypsin-like serine proteases and most cysteine proteases (1). Leupeptin has earlier been shown to prevent the loss of asparaginase activity in dark-treated pea (10) . We found that in the dark, 0.3 mm leupeptin was able to totally prevent the dark-induced decline in SST activity (Fig. 2) . Furthermore, in the light, leupeptin enhanced the induction of SST activity by nearly 40% over the nontreated control. These results strongly suggest that a leupeptin-sensitive proteolytic activity is responsible for the decay of SST.
Because SST can be induced in the dark by feeding sugars to excised leaves (13) , it has been suggested that the decay of SST activity upon transfer of excised leaves from light to darkness is ultimately due to a reduction in the tissue level of photosynthetic products, in particular of sucrose. We tested the effect of sucrose solutions on the changes of SST activity in the light and in the dark (Fig. 3) . Transfer of leaves to sucrose after 18 h of light maintained and prolonged a linear increase in SST activity well into the dark period. Also, when sucrose was given during the dark period, the inhibitory effect of darkness could be reversed.
DISCUSSION
Our results suggest that control of SST activity during a light/dark cycle in excised barley leaves is due solely to changes in the rate of synthesis of a protein(s), most probably of SST itself. Decay of SST activity appears to be continuous and not regulated because it proceeds at the same rate in the light and the dark (Fig. IA) . Increases in SST activity in the light or due to the feeding of sucrose in the dark are thus likely due to increases in the rate of SST synthesis that exceed the rate of continual SST activity loss. Darkness, on the other hand, seems to cause a cessation of SST synthesis (Fig. IA) . Under these conditions, SST activity would rapidly decline due to the unchanged and continuing rate of SST decay. Alteration of the cellular photosynthate level is most likely the direct means by which light and darkness affect SST activity. We found that we could totally negate the effect of darkness by supplying sucrose to the leaves (Fig. 3) . This is in agreement with previous research that has reported a correlation between SST activity and the level of sucrose in the tissue (5, 6, 8, 12, 13, 15) . However, it remains unclear whether the product of photosynthesis that actually induces SST activity is sucrose and not one of its metabolites.
The finding that leupeptin inhibits the decrease in SST activity strongly suggests that the mechanism for the rapid decay of SST activity is proteolytic degradation. One might expect vacuolar enzymes to be resistant to the proteolytic conditions existing inside the vacuole (2). Indeed, both of the other vacuolar enzymes that we tested as controls showed no turnover under the same experimental conditions (Fig. 1B) . Especially in the light, where SST would be needed to convert surplus sucrose to fructan, the rapid turnover of SST at first glance seems to be a wasteful process. However, it must be remembered that in the vacuole, some of the mechanisms known to rapidly modulate the activities of nonvacuolar enzymes, such as phosphorylation or other covalent modifications, are not available. We propose that a rapid proteolytic turnover is an alternative possibility for the plant to regulate a vacuolar enzyme like SST and to quickly adapt it to changing environmental conditions.
